Classic Paper
The year 1912 was a crucial one in the history of modern Earth sciences. It was the year in which Alfred Wegener (1880 Wegener ( -1930 ) (see Figure 1 ) published his classic paper on the "The Origin of Continents", and also the year when Max von Laue (1879-1960) and his co-workers experimentally demonstrated interference phenomena with X-rays. However, while Laue's method was immediately recognised as a clue to the nature of crystals, Wegener's theory had to wait for more than fifty years to become fully acknowledged. Nevertheless, there was hardly any geological idea in the twentieth century that was subjected to more scientific and public dispute than Wegener's idea of drifting continents. And there was none that became more popular outside the disciplinary boundaries of the Earth sciences.
A new culture of Earth science Wegener' s new picture of a dynamic Earth had two essential features. The first was the postulate of large-scale-and ongoing-horizontal movements of the continents, contrary to the then prevailing theory of the permanence of continents and oceans. The second was a geophysical point of view, which was due to Wegener's specific background. He had studied astronomy at Heidelberg and Berlin, turning more and more to geophysics and to meteorology. As an assistant at the Aeronautical Observatory at Lindenberg near Berlin, he became acquainted with modern methods for the study of the upper atmosphere-and, together with his older brother Kurt Wegener (1878 Wegener ( -1964 , he set a world record for balloon riding (fifty-two hours) in 1906.
The same year Wegener set off for his first expedition to Greenland, carrying out some of the earliest kite and attached balloon ascents in the Arctic. A year after his return, in 1909, Wegener moved to the University of Graz as a lecturer in astronomy and meteorology, where he published his first comprehensive meteorological book entitled The Thermodynamics of the Atmosphere (1911) . During the preparation of the Arctic expedition, Wegener had met Wladimir Köppen (1846 -1940 , one of Europe's leading meteorologists, who was to become his mentor and collaborator, and also his father-in-law; for in 1913 Wegener married Köppen's daughter, Else (1892 -1992 .
Thus, Wegener's theory was essentially a geophysical critique of some common assumptions of Earth sciences around 1900. In particular, he rejected the hypothesis of former, now sunken, land bridges between continents-postulated in order to account for the striking geological and palaeontological similarities of the continents (particularly those of the Southern Hemisphere)-as being inconsistent with the geophysical doctrine of isostasy.
First ideas on drifting continents
The elaboration of the theory of continental drift was a work of just a few months. Although Wegener may have noticed the striking congruence of the coastlines on the opposite sides of the Atlantic Ocean as early as 1904, he did not think of a former direct connection before late 1910. His actual starting point, however, was a paper summarising the observations on the close relationship of the older fauna of South America and West Africa. He became aware of this in the autumn of 1911, and, only a few weeks later, he gave a preliminary account of his ideas to his mentor Wladimir Köppen:
Dear Father, [...] I think you take my primeval continent to be more fanciful than it is, and you still don't see that it is simply a matter of the interpretation of observational material. [...] [W]e are obliged to assume a land connection, for instance, between South America and Africa, which broke off at a certain time. This event could be explained in two different ways: (1) by the sinking of a connecting continent "Archhelenis"; or (2) by the drawing asunder of each landmass at a great fault. Hitherto, starting from the unproven idea of the fixed position of each landmass, one has always just considered (1) and ignored (2). However, (1) contradicts the modern doctrine of isostasy, and our physical notions. A continent cannot sink, for it is lighter than that upon which it is floating. Therefore, let us, just for once, take (2) into consideration! If such a series of astonishing simplifications follows, if it is shown that rhyme and reason will now come to Earth history, why should we hesitate to cast the old view overboard? Why should one withhold this idea for 10 or even 30 years? [...] Is it, perhaps, revolutionary? [...] (Wegener to Küppen, 6 December, 1911 , Deutsches Museum München, Manuscript Department, 1968 .
A month later, on 6 January, 1912, Wegener presented his theory for the first time at the meeting of the Geologische Vereinigung [Geological Association] in Frankfurt [am Main], and immediately published it. The new theory was, however, almost completely rejected, for quite diverse reasons: for instance, Wegener's inability to give a satisfactory explanation of the forces that keep the continents moving; his futile hope for direct confirmation by astronomical or geodetic measurements; or his particular geophysical point of view, which did not mesh well with the practices of Earth sciences in the early twentieth century. In addition, a slight "anti-Germanism" among the international scientific community, arising from World War I, may also have played a part. In any case, one should be cautious about interpreting the early history of the reception of Wegener's theory simply as a story of an ingenious young man battling "hide-bound" and "stubborn" colleagues. It should be realised that
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Figure 1 Alfred Wegener in 1910, the year when he first thought of a former direct connection of Africa and South America (by kind permission of Deutsches Museum, Munich).
by 1912 Wegener was already an acknowledged meteorologist. Later, his reputation as a hero of polar exploration may have helped keep his theory alive. Nevertheless, the idea of "wandering continents", and its modification to modern plate tectonics, will always remain one of the most fascinating episodes of twentieth-century geoscience.
Extracts
The following extracts from Wegener's paper (in italics) focus on his specific ideas and arguments for continental drift, omitting particularly his extended exemplifications of the doctrine of isostasy, etc. A few comments are provided to assist understanding of Wegener's train of thoughts. The translation follows the text carefully, though with smoothing of Wegener's "German style" (i.e. some of his long sentences have been divided and some of his superfluous words omitted). The original page numbering is given in parentheses.
[185] Extracts from: Alfred Wegener, "Die Entstehung der Kontinente", Dr. A. Petermanns Mitteilungen aus Justus Perthes' Geographischer Anstalt, 1912, Volume 58, 185-195, 253-256, 305-309 .
In what follows a first [and] , summed it up in one sentence: "What we are witnessing is the collapse of the terrestrial globe". However, the uncompromising consistency with which Suess elaborated this idea, may already have opened the eyes of many to its weak points, and, thus, indirectly prepared the way for a more satisfactory conception. Since [Albert] Heim spoke up for the contraction hypothesis, geophysics has accumulated difficulties upon difficulties. Not even the basic principle that "the Earth is cooling" appears to be beyond doubt and remains untouched, for radium research, on the contrary, has raised the question of whether the temperature within the Earth will increase. Since one can say with high probability that the Earth's interior does not consist of readily compressible gases, but of already highly compressed, and therefore almost incompressible, nickel-iron, the alleged cause appears to be no longer sufficient to account for the large folds of the Earth's crust, particularly since their size in nappe-fault structures has been properly understood. the ocean floors were nothing but sunken continents, they would consist of the same material as those. Gravity measurements, however, show with irrefutable logic that the rocks underlying the oceans are heavier [denser] than those beneath the continents. they are not simply heavier ones but precisely such heavier ones that the altitudinal difference is compensated, [and an] equilibrium of pressure prevails. In the following sections we shall discuss the gravity measurements in more detail and the associated hypothesis of isostasy. Anybody who does not close his eyes to the precise results of the former, and is not biased against the achievements of the latter, can hardly insist on the collapse hypothesis. This has often been emphasised by American scientists. However, because horizontal displacements of the continents were not taken into account, and from the [correct] neglect of the collapse and the [false assumption of] permanence of the continental blocks the erroneous doctrine of the "permanence of the oceans" followed,
[188] 3. ISOSTASY. The fact that the oceanic gravity is not only greater than expected, considering the existing mass deficit, but, that it shows-though with some deviations-approximately the same value as on the continental blocks, is hardly to be explained other than by the assumption of the equilibration of pressures or "isostasy". Accordingly, the lighter continental blocks are, so to speak, floating in the heavier mass, and are thereby adjusted in such a manner that an equilibrium of static pressure prevails, like an iceberg floating in water. [See Figure 3 .] [...]
[Some further discussions of the application of the principle of isostasy (to inland icecaps, etc.) follow, as well as of the thickness of the continental blocks (Wegener assumed a mean value of the lower boundary of the lithosphere of about 114-120 kilometres), and the material of the lithosphere. Referring to Eduard Suess's distinction between "sial" and "sima" layers, Wegener emphasised the different densities of the sial, i.e. the continental blocks (2.5 to 2.7), and the sima, i.e. the ocean floors (about 3.0). [In the present paper, Wegener still used Eduard Suess's original term "sal", whereas in all his subsequent papers, he changed to the modern one "sial". the latter is used here throughout].
[191] 6. PLASTICITY. According to our opinion, sialic blocks should have the ability to move horizontally within the sima. For this, it is important that the melting point of the sial is about 200 to 300˚ [Centigrade] , greater than that of the sima, so that the latter will still be fluid at a temperature at which the former has already solidified. These studies have also corrected the previous underestimate of the areas thrust up in the mountains. For example, while Heim, still in accordance with the earlier doctrine, calculated a contraction to four-fifths for the Jura mountains of Switzerland, and to a half for the Alps, by taking into account the nappe-fault structure he reached the conclusion that the compressed mass was, in this case, up to four or five times the present width of the mountains; and because the latter is 150 kilometres, some 600-1200 kilometres of crust were compressed in this case. The implication-that, prior to the compression, the continental block must have had a quite different outline-has, in my opinion, not yet been taken into account sufficiently. If, for I should like to suggest that it is more likely that the tides within the terrestrial body, caused by the Moon, may be considered as the essential cause. To me, it seems that the preference for the formation of meridional fissures speaks in favour of [this hypothesis]. The latter also seems to be the cause of an often highlighted characteristic of the shapes of the continents, namely their terminating in a point towards the poles. At present, this is most distinctly seen in the regions of the former South Pole where, since the great detachments, the contours have not been disturbed subsequently by pressure. At the position where, as will be shown below, we must assume the North Pole [to have been] in former times-that is, at the Bering Strait-the continental blocks also end approximately in a point. However, it seems that there, due to the compression, the shapes have not been preserved properly. Presumably, for the present, it is best to consider the displacements of the continents as the result of random tidal motions within the terrestrial body. Perhaps it will, in the future, be possible to separate that which is merely accidental in [all] Likewise, the breaking off of these "transatlantic Altaides", as Suess calls them, at places lying exactly opposite [one another], is the most striking proof in favour of the [former] connection of the coasts. Concerning the previous assumption-that the connecting mountain chain has sunk into the Atlantic Ocean-the circumstance would constitute a difficulty, as [Albrecht] Penck has pointed out, in that the missing section of the assumed mountain range would have to be longer than its known extent. [...] [Concerning the questions of whether, on the basis of palaeontological findings, a former connection between America and Europe-Africa may be assumed, and when the separation occurred, Wegener states that both questions have already been answered. Both are quite independent of whether one assumes horizontal displacements or a sinking of land bridges. However, there is a difficulty for both hypotheses, namely transgressions. By shallow transgression, parts of one and the same continental block may have been be separated with respect to the fauna and flora, and it will often be difficult to decide whether there has been a 'splitting' or separation by marine transgression. Wegener then recapitulates some of the chief results hitherto obtained: (1) the connection of South America and Africa during the Mesozoic period by a Brazilian-African continent, called "Archhelensis", which broke off at the end of the Eocene or the beginning of the Oligocene; and (2) a connection between Europe and North America, still present during the older Tertiary, which allowed the exchange of forms, but which was severed during the Miocene. (However, connection might have been retained in the far north, over Scandinavia and Greenland, through to the Ice Age.)] Because the folding of the Andes was essentially contemporaneous with the opening of the Atlantic Ocean, the idea of a causal relation is immediately suggested. Accordingly, the American blocks, during their westward drift, would have encountered resistance at the presumably very old and still only slightly plastic floor of the Pacific Ocean, by which the extended shelf with its mighty sediments, which once formed the Western border of the continental block, were compressed to form a range of fold mountains. Additionally, in this case, we have an example of the fact that the sialic blocks may behave in a relatively plastic fashion; the sima relatively rigidly. However, I suppose we may regard it as probable that the sima also yielded, so that the folding of the Andes need not be equivalent to the whole width of the Atlantic Ocean (about 4000 kilometres). Moreover, do we take into account the nappe-fault structures, discussed above-according to which, I presume, as with the Alps, an area of four-to-eight times greater width than that of the [present] mountain range should be assumed-I do not see any further reason to hesitate about the suggestion of a causal relation between the folding of the Andes and the origin of the Atlantic Ocean.
[255-256] 3. GONDWANALAND. In applying the foregoing views on the connection of folding with horizontal displacement to the Tertiary folds of the Himalayas, we arrive at a series of unexpected relations. Had that block, by which the compression of the Earth's highest mountain range originated, been of a similar size as-according to the theory of overthrustingwas the Alps, and as we have just supposed it to have been for the Andes, then Lower India would have to have formed an extended peninsula before the folding, the southern end of which lay adjacent to that of South Africa. By this compression of an extended peninsula, the special [tectonic] position that Lower India, "all around a fragment" (Suess), occupies in relation to its present-day environment, is explained. Indeed, such a former elongated Indian-Madagascan peninsula, "Lemuria", has long been presumed from palaeontological considerations, such that, prior to its supposed sinking, it was long separated from the African block by the wide Mozambique Channel and its northerly extension, which is-according to our opinion-a wide meridional fault. [...] [256] The palaeontological results leave no doubt that Australia has had a direct land connection with Lower India as well as with South Africa and South America. This continent has been called "Gondwanaland", to which-assuming an unchanged position of its present remnants-a very wide area had to be ascribed. Thus, we must assume that the Australian block was also formerly connected directly to the primeval continent. [305] 5. ATLANTIC AND PACIFIC HEMISPHERE [S] .
[...]
[Referring to Suess, Friedrich Becke (1855 -1931 , and Otto Krümmel (1854 Krümmel ( -1912 , Wegener points to some remarkable differences between the Atlantic and the Pacific hemispheres, namely: (1) the well-known distinction between "Pacific" and "Atlantic" types of coast (the presence of marginal chains and ocean trenches in front of the Pacific coasts, as against the Atlantic ones, representing faults in a plateau, with rugged, irregular "ria" coastlines, etc.); (2) the difference in the volcanic lavas of the two hemispheres (the Atlantic ones contain a greater amount of sodium (Na), whereas calcium (Ca) and magnesium (Mg) are dominant in the Pacific lavas); and (3) the difference in the mean depths of the two oceans (4,097 metres for the Pacific as against the Atlantic with 3,858 metres). Taking into account the principle of isostasy, this difference indicates a greater density of the Pacific Ocean's floor due to the lower temperature of its older sima, compared to the newly exposed sima of the It seems quite impossible that the North Pole, during its Tertiary wandering, moved directly to its recent position, and also that it could already have been lying there during the Ice Age. For it would then have still been lying about 10 degrees from the edge of the large inland ice-cap, which, at that time, would have covered North America and Europe to an extent similar to the [area of] the recent antarctic ice-cap. I think it would be more natural to assume that the Pole first wandered at least 10 degrees farther into Greenland, and returned to its recent position since the Ice Age.
It is [a matter] of great importance to reconstruct the corresponding position of the South Pole. If the North Pole, lying at the Bering Strait, were shifted by 30 degrees, as compared with the present time, the South Pole would have to be located about 25 degrees south of the Cape of Good Hope, i.e. on the Antarctic continent, which was then apparently still reaching up to these latitudes. In the known regions of the Southern hemisphere, we might thus expect only a few relics of glaciation of that time, or none. On the other hand, the Permian ice age, discussed above, demonstrates that in earlier periods the displacement, was, at times, greater (perhaps 50 degrees). At that time, the North Pole would still have to have been located far beyond the Bering Strait in the Pacific Ocean, [...] .
[307] Additional special attention needs to be paid to only one further matter [...] Of the greatest importance for the understanding of the whole phenomena, however, is the fact that the great shiftings of the poles obviously took place at the same time as the great displacements of the continental blocks. In particular, the temporal coincidence of the best confirmed pole-shift, during the Tertiary, with the opening of the Atlantic Ocean is evident. Also one might perhaps connect the (relatively small) wandering back of the poles since the Ice Age with the separation[s] of Greenland and Australia. Accordingly, it seems as if the great continental displacements are the cause of the polar wanderings. In any case, the [Earth's] axis of rotation will have to follow its axis of inertia. If the latter is changed by a shifting of the continents, the rotational axis has to wander correspondingly. [...] 
III. Recent displacements and polar oscillations
[In the last part of his paper, Wegener endeavoured to calculate the recent rate of the continents' displacement. Comparing the longitude determinations of his expedition to Greenland in 1906-1908 with those of a previous German Arctic Expedition in 1869-1870, he deduced an increase of the distance between Greenland and Europe of 11 metres per year. And, referring to determinations by transatlantic cables, he presumed that North America drifts away from Europe at about 4 metres per year. However, he was well aware that these values were uncertain.]
[308] If, however, a new longitude measurement-twenty years have already passed since the last one-should yield a further change in a like sense, then the reality of the displacement might no longer be doubtful. It is not impossible that, in addition, there are other locations on the Earth's surface where we may hope to determine the horizontal displacement in a relatively short time. Here, especially, Lower India and Australia might be considered, where one could use the much easier and more precise determinations of latitude for this proof. [...] 
